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ARTICLE INFO ABSTRACT

Article history: Background: Millions of COVID-19 pediatric survivors are facing the risk of long COVID after recovery from
Received 16 August 2022 acute COVID-19. The primary objective of this study was to systematically review the available literature
Received in revised form 9 January 2023 and determine the pooled prevalence of, and risk factors for long COVID among the pediatric survivors.

Accepted 5 March 2023 Methods: Studies that assessed the prevalence of, or risk factors associated with long COVID among pediatric

COVID-19 survivors were systematically searched in PubMed, Embase, and Cochrane Library up to December 11th,

Ic(gyljgﬁlg 2022. Random effects model was performed to estimate the pooled prevalence of long COVID among pediatric
Long COVID COVID-19 patients. Subgroup analyses and meta-regression on the estimated prevalence of long COVID were
Children performed by stratification with follow-up duration, mean age, sex ratio, percentage of multisystem inflammatory
Inflammatory multisystem syndrome syndrome, hospitalization rate at baseline, and percentage of severe illness.

Results: Based on 40 studies with 12,424 individuals, the pooled prevalence of any long COVID was 23.36 % ([95 %
CI 15.27-32.53]). The generalized symptom (19.57 %, [95 % CI 9.85-31.52]) was reported most commonly, fol-
lowed by respiratory (14.76 %, [95 % Cl 7.22-24.27]), neurologic (13.51 %, [95 % CI 6.52-22.40]), and psychiatric
(1230 %, [95% CI 5.38-21.37]). Dyspnea (22.75 %, [95% Cl 9.38-39.54]), fatigue (20.22 %, [95% CI 9.19-34.09]), and
headache (15.88 %, [95 % CI 6.85-27.57]) were most widely reported specific symptoms. The prevalence of any
symptom during 3-6, 6-12, and> 12 months were 2641 % ([95 % CI 14.33-40.59]), 20.64 % ([95 % CI
17.06-24.46]), and 14.89 % ([95 % CI 6.09-26.51]), respectively. Individuals with aged over ten years, multisystem
inflammatory syndrome, or had severe clinical symptoms exhibited higher prevalence of long COVID in multi-
systems. Factors such as older age, female, poor physical or mental health, or had severe infection or more
symptoms were more likely to have long COVID in pediatric survivors.
Conclusions: Nearly one quarter of pediatric survivors suffered multisystem long COVID, even at 1 year after
infection. Ongoing monitoring, comprehensive prevention and intervention is warranted for pediatric
survivors, especially for individuals with high risk factors.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of King Saud Bin Abdulaziz University for Health
Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/li-
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Introduction COVID. Multisystem inflammatory syndrome (MIS) was identified in

The COVID-19 pandemic continues to spread, with the global
case count and number of deaths estimated at 657.4 million and 6.7
million, respectively, as of January 5th, 2023 [1]. COVID-19 survivors
have reported ongoing persistent symptoms in many organ systems,
long after recovery from the acute phase of COVID-19 infection [2,3].
World Health Organization creates a final consensus definition for
long COVID: usually 3 months from the onset, with symptoms that
last for at least 2 months and cannot be explained by an alternative
diagnosis [4]. Several published epidemiological studies [5,6] and
reviews [7-10] mostly focused on the long COVID or persistent
symptoms of COVID-19 infection amongst adults, due to the large
number and often severe symptoms in adult survivors [11,12].
However, long COVID symptoms in children has not been system-
atically illustrated. Understanding the long COVID burden is essen-
tial to allow timely identification and intervention of affected
children and appropriate allocation of pediatric healthcare re-
sources.

Children and adolescents are at a critical stage of physical and
mental development. COVID-19 infection during this period may
have important implications for their functional and social wellbeing
in adulthood. Compared with the clinical features and treatment
outcomes observed in adult COVID-19 patients, pediatric COVID-19
patients usually presented with milder clinical features at the acute
phase [13,14]. However, children are seeing a surge of COVID-19
infections in many countries, coinciding with much lower rates of
vaccination amongst children as compared to adults. Higher pre-
valence of COVID-19 cases in children promotes increases the
number of long-COVID cases, and contributes to further spread of
disease among vulnerable populations [15]. Recently, a few epide-
miological studies reported the prevalence of long COVID among
pediatric COVID-19 cases with the follow-up duration ranging from
three months to one year [16-18]. The long COVID in pediatric
COVID-19 patients generally covered multiple systems, including
respiratory, neurological, and cardiovascular systems, and so on [18].

Several factors, including clinical characteristics and demo-
graphic information have been found to be associated with long
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some pediatric COVID-19 cases, and was suspected to have a wide
spectrum of presenting signs and symptoms and disease severity
[19]. Hospitalization and severe acute initial infection were also
suggested to have more potential of long COVID [20,21]. Moreover,
evidence supports that sex and age are associated with prevalence of
long COVID. Specifically, a few studies pointed out that older age,
and female in pediatric survivors may be associated with high risk of
long COVID [20,22].

A few studies assessed the persistent symptoms among the pe-
diatric COVID-19 survivors. By combining data from 22 studies with
over 20 thousand individuals, Behnood et al. [23] found that pooled
prevalence of persistent symptoms in post-COVID participants
ranged from 15 % (diarrhea) to 47 % (fatigue) after one month. In
addition, a meta-analysis [24] showed that the prevalence of on-
going (4-12 weeks) and post-COVID-19 (> 12 weeks) symptoms was
25.24 % in children and adolescents. However, the burden and risk
factor of long COVID still remained unclear in children and adoles-
cents after infection over three months. Moreover, as the effect of
important clinical characteristics including MIS, severe infection,
hospitalized survivors needed to be furtherly discovered.

The primary objective of this study was to systematically review
the available literature and determine the pooled prevalence of long
COVID in pediatric survivors. In addition, we intended to explore the
estimate of the pooled prevalence of long COVID in child and ado-
lescent survivors with stratified demographic or clinical character-
istics. Finally, we aimed to systematically review possible risk factors
associated long COVID among pediatric patients.

Methods

This systematic review was performed in accordance with the
Meta-Analyses of Observational Studies in Epidemiology (MOOSE;
Supplement Table 1) guidelines [25] and the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA;
Supplement Table 2) guidelines [26]. The PROSPERO registration
number for this systematic review is CRD42021293614.
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Table 1 (continued)

Factors associated
with outcomes

Affected systems

Hospitalization

Severe MIS (%)
rate at

Male (%)

Sample size Age (Mean /

Follow-up
duration

Investigating period  Study design

Investigating Site

Authors

illness
(%)

NA

Median/
Range)

baseline (%)

NA

any, cardiovascular,

100.00

3.64

58.18

0-18

219 55

cohort

2020.12-2021.1

Sweden

Sterky

digestive, generalized,

musculoskeletal,

(123-324)

days

et al., 2021

neurological, psychiatric,
and respiratory systems

psychiatric system

NA

NA NA 100.00

78.69

7-18

61

cohort 4 months

2020.7-2020.9

China

Zhang

et al., 2021

Abbreviations: MIS, multisystem inflammatory syndrome; NA, not available; PCR, polymerase chain reaction.

2 Definition of severe COVID-19 infection was based on the National Institute of Health symptom severity criteria, guideline for scoring pediatric patients with COVID-19, the requirement of ventilation or admission to pediatric intensive

care unit, or directly reported in the study.
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Search strategy

Studies that assessed the prevalence of long COVID amongst
pediatric COVID-19 survivors were systematically searched in
PubMed, Embase, and Cochrane Library databases up to December
11th, 2022 (Supplement 1). The following search terms were used:
(COVID-19 OR SARS-CoV-2 OR coronavirus OR 2019-nCoV) AND
(long COVID OR post acute COVID syndrome OR PASC OR long-term
OR "long term" OR "long haul*" OR "after recovery” OR prolong* OR
persist* OR convalescent) AND (cohort OR follow-up OR longitudinal
OR cross sectional) AND (child* OR infant*). The full search strategy
is provided in the Supplement 1. The reference lists of retrieved
papers and recent reviews were manually searched for additional
studies that met the inclusion criteria.

All retrieved records were imported into an EndNote library. Two
investigators (Zheng Y and Gao N) independently screened all arti-
cles for their eligibility. If consensus could not be reached, the third
investigator (Zeng N) reviewed the full text article and resolved
disagreements.

Selection criteria

To be eligible for inclusion, studies had to: (1) contain original
research; (2) include pediatric COVID-19 survivors aged less than 18
years old; (3) measure long COVID symptoms, relevant laboratory or
examination result (such as imaging, lung function tests or blood
tests) of post-acute COVID-19; (4) assess symptoms at least 3
months after initial COVID-19 infection, as introduced elsewhere
[10]; (5) provide raw data that allowed the calculation of the esti-
mates. Exclusion criteria were as follows: (1) the study was a review
article or a case report; (2) not pediatric patients; (3) the long COVID
did not meet the follow-up duration. The detailed process of the
literature search for the systematic review is shown in Fig. 1.

Data extraction

All data were independently extracted from the included studies
by two researchers (Zheng YB and Zeng N) who subsequently cross-
checked the data. We extracted the following characteristics for each
study: authors and year of publication, research site (country), in-
vestigating period, study design, follow-up duration, sample size,
age and gender of participants, percentage of severe illness, per-
centage of individuals with MIS, hospitalized rate during acute phase
at baseline, the overall whole body symptoms (multiple affected
systems mainly including generalized, psychiatric, neurologic, re-
spiratory, digestive, musculoskeletal, cardiovascular, dermatological,
ophthalmological, and urological symptoms, etc.), and factors asso-
ciated with outcomes (Table 1).

Statistical analysis

Meta-analysis was performed to estimate the pooled prevalence
of any long COVID and those affecting specific organ systems among
pediatric COVID-19 patients. The overall prevalence of symptoms
affecting a specific organ system was estimated by pooling the most
common symptoms related to that system, if the overall prevalence
was not itself reported in the study. Multiple symptoms relating to
the same organ system were often reported in the same survivor,
therefore the prevalence of the most common symptom was used to
estimate the overall prevalence for that system. Additionally, the
prevalence of reported symptoms examined in five or more studies
was combined [7]. The I? index was calculated to assess the be-
tween-study heterogeneity and Cochrane Q-test was used to de-
termine statistical significance. An I value > 50 % or a chi-square p
value < 0.05 was considered substantial heterogeneity. Pooled rates
with 95 % confidence intervals (ClIs) were calculated using the
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Identification of studies via databases and registers

Identification of studies via other methods

)

Citation searching (n =11)

Reports sought for retrieval Reports not retrieved

(n=0)

Reports assessed for eligibility 5| Follow-up duration less than 3

months (n=2)

()
E 3623 records identified from Records reimoved before
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= Cochrane library(n=475)
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g (n=95) "1 m=0) (n=11)
=
@
E I '
3
@
Reports assessed for eligibility _| Reports excluded:
(n=95) e Letter or conference abstract (n=11)
(n=4)
Review, meta-analysis
(n=3)
No available data (n=18)
Follow-up duration less than
v 3 months (n=39)
b Studies included in review
] (n=40)
S Reports of included studies
£ (n=40)

Fig. 1. Flow chart of the selection process.

random-effect model if heterogeneity existed; otherwise the fixed-
effect model was used.

Subgroup analyses and meta-regressions on the estimated pre-
valence of any symptom in each system were performed by strati-
fication with follow-up duration (3-6 months, 6-12 months, > 12
months), mean age of study participants (> 10 years vs.< 10 years),
the sex ratio (male proportion > 50 % vs. < 50 %), presence of MIS (yes
vs. no), percentage of severe illness (>50 % vs.<50 %), and hospi-
talization rate at baseline (yes vs. no). Leave-one-out sensitivity
analysis was conducted to estimate the influence of each study on
the pooled results. Funnel plot and the Egger test were used to assess
the presence of any publication biases. All analyses were performed
with R Software (version 4.0.3).

Quality assessment

The quality of the included studied was assessed using Agency
for Healthcare Research and Quality methodology checklist. Two
investigators (Yang YB and Chen X) appraised each item of the scale
independently. The disagreement was settled by joint review with
an experienced methodologist (Zheng YB).

Results
Literature search

As shown in Fig. 1, 3623 records were retrieved through the in-
itial database search, and 965 duplicate papers were removed. Of the
2658 records remaining, the majority were excluded after the first
screening based on titles or abstracts. The full texts of ninety-five
papers and eleven additionally identified studies [27-37] in-
vestigating the prevalence of long COVID of pediatric COVID-19
survivors were scanned. Of these articles, four were letters, con-
ference proceedings, abstracts or comments, three was a review or
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meta-analysis, eighteen had no available data, forty-one (including
thirty-nine initial extracted and two additional identified studies)
provided outcomes not had the symptom duration less than 3
months, and were hence excluded from analysis. Finally, a total of 40
eligible studies [16-18,20-22,27-30,32,33,35-62| were included in
the final analysis.

Characteristics of the included studies

Table 1 presents the primary descriptive characteristics of the 40
eligible studies. All of the included studies were published between
2020 and 2022. A total of 12,424 participants were included in the
final analysis, with the study sample sizes ranging from 16 to 3246.
Among the included studies, there were nine cross-sectional and
thirty-one cohort studies. The follow-up duration ranged from 3 to
13 months. Of all the included studies, 24 were conducted in
Europe [17,18,21,28,29,32,33,36,39-46,50-53,55,56,60,62], 9 in Asia
[16,27,30,37,38,48,57,59,61], 4 in North America [16,20,22,27,30,
37,38,47,48,54,57-59,61], and 1 in Oceania [35], South America [49],
and multi continents [20], respectively. The mean or median age of
the participants ranged from to 3-15.2 years old, and most of the
studies included more than 50% male patients. Fifteen studies
[16,17,21,27,32,35,42-45,47,49,52,57,59] reported the percentage of
severe COVID-19 infection, with prevalence of severe illness ranging
from 0 to 63.86 %. Eighteen studies [16,17,21,27,32,35,39,43~
45,47,49,52,54,57,59,61,62] reported percentage of MIS among pe-
diatric survivors, and seven [17,39,47,54,59,61,62] of them
solely included those with MIS. Thirty-four studies
[16-18,20-22,27-30,32,35-39,41-50,52-54,58-62] reported the
percentage of hospitalization rate of survivors, and nineteen
[16,17,21,28,35-39,45-48,54,58-62] of them were 100.00 %, while
rest of them ranged from 0 % to 85.26 %. In addition, seven studies
[18,20-22,32,56,60] provided information on risk factors associated
with long COVID symptoms.
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The pooled prevalence of long COVID by organ system and specific
symptoms

We pooled the prevalence of long COVID of any one symptom
and multiple organ systems. Seventeen studies
[16,18,20-22,32,33,35,36,41,43,49-52,56,60]| reported any symptom
amongst their study population during follow-up, with the pre-
valence of long COVID ranging from 3.67 % to 66.49 %. By combining
prevalence of any long COVID, the pooled prevalence was 23.36 %
([95 % CI 15.27-32.53], I> =99 %; N = 17) among the pediatric COVID-
19 participants (Fig. 2).

Estimated prevalence of long COVID by organ system is presented
in Fig. 2 and Supplement Fig. 1. Overall, generalized system showed
the top pooled prevalence (19.57 %, [95 % CI 9.85-31.52], 1> =99 %;
N =26) of long COVID among the pediatric survivors, followed by
respiratory (14.76 %, [95 % Cl 7.22-24.27], I> =99 %; N =25), neuro-
logic (13.51 %, [95 % CI 6.52-22.40], I> =99 %; N =22), psychiatric
(12.30 %, [95 % Cl 5.38-21.37], I> =98 %; N = 20), digestive (11.87 %, [95
% Cl 4.22-22.46], I =99 %; N = 16), musculoskeletal (9.38 %, [95 % CI
3.59-17.31], I> =99 %; N=19), cardiovascular (7.32 %, [95 % CI
2.68-13.66], 1> =97 %; N=16), dermatological (6.42 %, [95 % CI
1.39-14.46], I> =99 %; N=12), ophthalmological (3.92 %, [95 % CI
0-14.34], I =99 %; N=7), and urological systems (0.44 %, [95 % CI
0-4.02], 1> =62 %; N=2).

The pooled prevalence of abnormal imaging was 13.12 % ([95 % CI
7.38-19.90], I> =0; N=5). In addition, the pooled prevalence of ab-
normal laboratory findings ranged from O (international normalized
ratio: [95 % CI 0-2.51]; N=1) to 86.71 % (IgG positivity: [95 % CI
79.95-92.36], I> =0; N=3). In addition, Penner et al. [63] reported
that 8.70 % ([95 % CI 1.95-18.89]; N = 1) of survivors were readmitted
to the hospital after discharge. Estimation of prevalence of abnormal
imaging and laboratory findings among pediatric patients is pre-
sented in Supplement Fig. 2.

%
%

The pooled prevalence of reported symptoms

We combined the pooled prevalence of specific reported symp-
toms examined in five or more studies. Overall, dyspnea (22.75 %,
[95 % CI 9.38-39.54], I2 =94 %; N =11) was the top specific symptom
among the pediatric survivors (Fig. 3), followed by fatigue (20.22 %,
[95 % CI 9.19-34.09], I =99 %; N=21), headache (15.88 %, [95 % CI
6.85-27.57], I2 =99 %; N = 18), shortness of breath (15.30 %, [95 % CI
3.13-33.85], 1> =99 %; N=7), abdominal pain (12.42 %, [95 % CI
2.94-26.81], I> =99 %; N=12), concentration difficulties (11.44 %,
[95% CI 1.54-28.04], I2 =99 %; N = 10), muscle pain (11.42 %, [95 % CI
3.45-22.96], I2 =99 %; N =14), sleep disturbances (8.38 %, [95 % CI
1.77-18.57], I =94 %; N =9), diarrhea (8.01 %, [95 % CI 1.66-18.08], I?
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=98 %; N=9), skin rashes (7.60 %, [95 % CI 0.38-21.62], I> =99 %;
N=7), heart palpitations (6.59 %, [95 % CI 0.72-16.68], 1> =98 %;
N=8), cough (6.17 %, [95 % CI 2.16-11.78], I? =97 %; N = 17), dizziness
(6.16 %, [95% CI 0.15-18.22], I> =99 %; N = 8), chest pain (5.88 %, [95 %
Cl 1.27-13.15], 12 =97 %; N =12), fever (5.02 %, [95 % Cl 0.36-13.47], I
=95 %; N=12), altered or loss of smell/taste (3.97 %, [95 % CI
0-12.72], I? =94 %; N = 6), weight loss (3.73 %, [95 % CI 0.07-11.15], I
=94 %; N=5), joint pain or swelling (2.74 %, [95 % CI 0.36-6.74], I
=94 %; N=7), altered or loss of smell (2.47 %, [95 % CI 0.36-5.90], I?
=97 %; N=9), and altered or loss of taste (1.71 %, [95 % CI 0.08-4.68],
I> =89 %; N=6).

The pooled prevalence of long COVID during different follow-up
durations

The prevalence of any symptom exhibited a decreasing trend
with the progress of follow-up (Fig. 4), they were 26.41 % ([95 % CI
14.33-40.59], 12 =100 %; N = 11), 20.6 4% (|95 % CI 17.06-24.46], I =31
%; N=5), and 14.89 % ([95 % Cl 6.09-26.51], I? =75 %; N =2) during
3-6, 6-12, and > 12 months, respectively. The prevalence of long
COVID among the pediatric survivors during different follow-up
durations significantly different in the following specific system:
respiratory (P < 0.01), psychiatric (P < 0.01), neurologic (P < 0.01),
and cardiovascular (P < 0.01) systems. No significant difference of
prevalence of long COVID during different follow-up duration was
explored in the rest of systems.

Subgroup analysis

Fig. 5 and Supplement Table 3 shows the meta-regression results
of estimation of prevalence of long COVID, and detailed prevalence
of long COVID in stratified populations is presented in Supplement
Fig. 3-7. Compared with patients with age < 10 years, those with
age > 10 years had a higher prevalence of long COVID in generalized
(36.6 % vs. 8.6 %; P=0.04), respiratory (28.3 % vs.1.9 %; P < 0.01), and
musculoskeletal (18.9 % vs. 0.6 %; P < 0.01), and systems. MIS pa-
tients exhibited a higher prevalence of long COVID in neurologic
(29.9 % vs. 5.2 %; P < 0.01), psychiatric (22.6 % vs. 2.9 %; P < 0.01),
cardiovascular (9.6 % vs. 3.2 %; P < 0.01), and musculoskeletal (12.2 %
vs. 1.4 %; P=0.04), when compared with those without MIS. In ad-
dition, severe patients had a higher prevalence of neurologic (38.3 %
vs. 10.5 %; P < 0.01), and psychiatric (42.5 % vs. 7.6 %; P < 0.01)
symptoms than non-severe patients. No significant difference was
found between prevalence of long COVID of each organ and per-
centage of hospitalization proportion at baseline, as well as the sex
ratio of the studies.

No. of No. of No. of Prevalence (%) 2
Symtoms . I'(%) P value

study events participants (95% CI)
Any of the symptoms 17 3421 10426 —_— 23.36(15.27,32.53) 99.0 <<0.01
Generalized symptoms 26 2575 11496 R 19.57 (9.85,31.52) 99.0 <0.01
Subjective respiratory symptoms 25 1205 8119 — - 14.76 (7.22,24.27) 99.0 <<0.01
Neurologic symptoms 22 951 7979 —— 13.51 (6.52,22.40) 99.0 <<0.01
Psychiatric symptoms 20 736 7939 R 12.30(5.38.21.37) 98.0 <<0.01
Digestive symptoms 16 580 7177 —_—— 11.87 (4.22,22.46) 99.0 <<0.01
Musculoskeletal symptoms 19 805 10853 —. 9.38(3.59,17.31) 99.0 <<0.01
Cardiovascular symptoms 16 214 3933 - 7.32(2.68.13.66) 97.0 <<0.01
Dermotogical symptoms 12 304 7009 —— 6.42(1.39, 14.46) 99.0 <<0.01
Ophthalmological symptoms 7 332 6244 — 3.92 (0, 14.34) 99.0 <<0.01
Urological symptoms 2 2 540 — 0.44 (0. 4.02) 62.0 0.10

02 04 0.6

Fig. 2. Estimation of prevalence of long COVID among pediatric patients.
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No. of No. of No. of Prevalence (%) 2
Symtoms . I'(%) P value
study events participants (95% CI)
Dyspnoea 11 173 545 —_—— 22.75(9.38,39.54) 94.0 <0.01
Fatigue 21 1950 8084 —_— 20.22(9.19, 34.09) 99.0 <0.01
Headache 18 1287 7420 —_—— 15.88 (6.85,27.57) 99.0 <0.01
Shortness of breath 7 797 5521 —_——— 15.30 (3.13, 33.85) 99.0 <0.01
Abdominal pain 12 536 4825 —_— 12.42 (2.94, 26.81)  90.0 <0.01
Concentration difficulties 10 226 3318 @ —a——— 11.44 (1.54,28.04) 99.0 <0.01
Muscle pain 14 727 7515 — 11.42(3.45,22.96) 99.0 <0.01
Sleep disturbance 9 113 1304 —a—— 8.38(1.77,18.57) 94.0  <0.01
Diarthoea 9 287 4415 — 8.01 (1.66. 18.08) 98.0 <0.01
Skin rashes 7 209 1521 —a— 7.60 (0.38, 21.62) 99.0 <0.01
Heart palpitations 8 165 1419 —m—— 6.59(0.72,16.68)  98.0  <0.01
Cough 17 303 7002 —-— 6.17(2.16,11.78)  97.0  <0.01
Dizziness 8 595 6270 —a——— 6.16 (0.15, 18.22 99.0 <0.01
Chest pain 12 304 6598 —a—o 5.88(1.27, 13.15) 98.0 <0.01
Fever 12 250 6177 —a— 5.02(0.36,13.47) 950 <0.01
Altered or loss of smell/taste 6 40 2715 —a—oro 3.97 (0. 12.72) 940  <0.01
Weight loss 5 24 824 _m— 3.73(0.07,11.15) 940  <0.01
Joint pain or swelling 7 32 1218 —m— 2.74 (0.36, 6.74) 99.0  <0.01
Altered or loss of smell 9 433 4294 g 2.47 (0.36. 5.90) 97.0 <0.01
Altered or loss of taste 6 28 1120 m 1.71 (0.08, 4.68) 89.0  <0.01

° 4

0.2 04 06

Fig. 3. Estimation of reported long COVID symptoms examined by five or more studies.

Risk factors for long COVID

Seven studies [18,20-22,32,56,60] reported risk factors for any
long COVID in pediatric patients. Of these studies, five of them
[18,20-22,56] pointed out the being older age was associated with
higher risk for long COVID. Also, three studies [18,22,56] showed
that female were more vulnerable for long COVID. Patients with poor
physical or mental health were identified impacting long COVID
[18,56]. In addition, those with more severe symptoms (e.g., symp-
tomatic during the acute phase [32], hospitalized 48 h or more [20]),
affected in specific organs (e.g., allergic diseases [21], and neurolo-
gical comorbidities [60], etc.), and had more symptoms at initial
infection [20,56], are more likely to develop long COVID. Others
factors, such as insurance types [22], and polymerase chain reaction
positive 3 months after diagnosis [18] were also mentioned to be
associated with long COVID.

Quality control and publication bias

The quality scores of the included articles ranged from 5 to 10
points (Supplement Table 4). We observed no significant study effect
when estimating the prevalence of long COVID. Applying the leave-
one-out sensitivity analysis did not significantly alter the pooled
estimates of prevalence of long COVID, indicating that no individual
study influenced the results significantly. For those long COVID re-
ported by over five studies, no significant publication bias was ex-
plored. These results are presented in Supplement Table 5 and
Supplement Fig. 8.

Discussion

This study is, to our knowledge, the most wide-ranging sys-
tematic review to date, comprehensively summarizing current evi-
dence on the long COVID of pediatric COVID-19 survivors. The
findings suggest that nearly one quarter of pediatric patients had
long COVID symptoms, which widely involved multi-organ systems.
Prevalence of long COVID symptoms decreased as time went by. In
addition, patients who were aged over 10 years, with MIS, and severe
illness exhibited higher prevalence of long COVID. We also sum-
marized the factors associated with long COVID in children, manly
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included older age, female, poor mental or physical status, as well as
severe symptoms at initial infection. These findings have significant
clinical implications and suggest that long-term monitoring is war-
ranted for pediatric COVID-19 survivors.

The COVID-19 pandemic is our generation’s greatest global
challenge to our public health system [64-68], and children and
adolescents have been affected both physically and psychologically
[69,70]. In this meta-analysis and systematic review, we found that
persistent COVID-19 symptoms were common among the pediatric
COVID-19 survivors, with nearly one quarter reporting at least one
long COVID symptom after recovery from acute illness or hospital
discharge. The finding is similar to previous findings that suggesting
post-COVID symptoms was 25.24 % in children and adolescents.
However, the prevalence of long COVID-19 symptoms among the
pediatric survivors was lower compared with adults, with at least
half of them was reported having persistent long COVID [7]. These
findings implicated the necessity of long-term monitoring for pe-
diatric survivors recovered from COVID-19.

As indicated in this meta-analysis, dysponea, fatigue, and head-
ache, occurred the most frequently, which is similar to adults with
fatigue and dyspnea most prevalent [45]. However, symptoms such
as myocarditis [28], splenomegaly [63], and appendicitis [71] are
presented in pediatric survivors, which are serious long COVID of
COVID-19 infection, albeit thankfully less common. The exact me-
chanism of these less common long COVID, and whether they are
due to direct viral pathogenesis, requires further exploration. Apart
from the symptoms mentioned above, developmental regression
[27], memory impairment [27,28], and cognitive difficulties [36]
have been reported in pediatric COVID-19 survivors, which may
impair physical and psychological development of children in the
future. Aside from the clinical assessment, imaging and laboratory
findings also have implications for monitoring persistent COVID-19
symptoms amongst pediatric survivors.

We also found that the long COVID symptoms decreased as the
follow-up duration, especially in respiratory, cardiovascular, psy-
chiatric, and neurologic systems. The findings suggest that the long
COVID symptoms were reversible, and the patients would be re-
covered despite it took a long time. However, one thing still should
be taken into consideration is that some long COVID symptoms even
exist after one-year follow-up duration, longer-term follow-up is
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Symptoms No. of No. of No. of Prevalence(%) I;(%) Palic
) studies events  participants (95% CI)

Any symptoms

3-6 months 11 3205 9289 —— 26.41 (14.33, 40.59) 100.0 0.41

6-12 months 5 237 1086 - 20.64 (17.06, 24.46) 31.0

>12 months 2 51 411 —a 14.89 (6.09, 26.51) 75.0
Subjectively repiratory symptoms

3-6 months 17 1094 7096 —— 21.50 (9.41, 36.74) 98.0 <0.01

6-12 months 9 234 1645 —e 13.65 (2.29, 31.55) 99.0

>12 months 4 12 590 - 1.80 (0.22, 4.38) 49.0
Psychiatric symptoms

3-6 months 12 476 6793 —a— 13.84 (4.95, 26.08) 98.0 <0.01

6-12 months 9 331 1707 — 14.51 (3.26, 31.32) 99.0

>12 months 3 10 565 - 1.34 (0, 5.26) 82.0
Neurologic symptoms

3-6 months 14 664 6784 - 13.01 (5.66. 22.67) 98.0 <0.01

6-12 months 9 353 1753 —_— 17.76 (3.86, 38.22) 99.0

>12 months 3 13 534 - 1.89 (0.20, 4.70) 44.0
Generalized symptoms

3-6 months 15 2086 10077 —— 19.50 (7.78, 34.75)  99.0 0.31

6-12 months 9 501 1842 S 19.30 (3.13, 43.97) 99.0

>12 months 4 46 590 . 8.90 (2.96, 17.25) 88.0
Digestive symptoms

3-6 months 9 289 6033 —— 12.38 (2.10, 29.02) 99.0 0.11

6-12 months 9 381 1754 — 14.76 (2.77. 33.23) 99.0

>12 months 2 10 514 = 2.22(0, 8.93) 90.0
Musculoskeletal symptoms

3-6 months 13 570 9797 —— 8.97 (2.09, 19.52) 98.0 0.26

6-12 months 7 304 1608 — 13.61 (1.43, 34.52) 99.0

>12 months 3 12 565 - 3.03 (0.05, 9.07) 81.0
Dermotosis symptoms

3-6 months 10 169 6283 - 7.10 (1.34, 16.46) 97.0 0.17

6-12 months 4 207 1333 — 11.17 (0, 40.21) 99.0

>12 months 2 11 514 . 2.09 (0.97, 3.57) 0.0
Cardiovascular symptoms

3-6 months 9 95 3077 TR 7.71 (1.58, 17.22) 97.0  <0.01

6-12 months 9 168 1457 - 8.60 (1.53, 19.68) 98.0

>12 months 1 1 360 L] 0.28 (0. 1.19) /
Ophthalmological symptoms

3-6 months 5 197 5445 - 1.69 (0, 6.10) 98.0 0.52

6-12 months 2 135 799 - 12.63 (0, 74.04) 100.0
Urological symptoms

3-6 months 1 0 496 m 0(0. 0.35) / 0.11

6-12 months 2 2 540 - 0.44 (0, 4.02) 62.0

o 02 0.4 06 08

Fig. 4. Subgroup analysis of prevalence of long COVID in pediatric patients during different follow-up duration.

necessary to help define the extended natural history of pediatric symptoms. Children and adolescents with MIS generally exhibited
survivors, even after one year or longer. serious and life-threatening illness [19,72]. Seven studies in this

In this study, we also found children and adolescents with MIS, or systematic review independently assessed the long COVID among
had severe infection were more vulnerable to having long COVID the pediatric survivors with MIS. Overall, the pediatric survivors

[Pooledy NNNNAGENNNNN = Gender MIS patients lization | [ Severity |
Age>10 Age<10 Male >50%  Male<50% MIS Non-MIS -hospitalized Severe Non-Severe
oy AN WA 724 150 WIS WS 5o v
Generalized | 19.6 | [NSGEN 8.6 [ 197 | 160 14.8 53 11.1 22200 130
Subjective respiratory | 14.8 [ T 15.1 10.7 6.3 25 10.2 NA NA
Neurologic  13.5 23 | a2 13.1 82 s s 127 ISEE 05 COVD-19scquelaet)
Psychiatric  12.3 16.3 6.0 14.1 65 2260 29 0.0 N s P
Digestive  11.9 [hzie 0 30 11.0 9.4 NA NA 26 NA NA e
Musculoskeletal 9.4 18.9° 0.6 8.6 7.9 96" 3.2 4.8 6.2 8.1 0
Cardiovascular 7.3 124 5.5 8.2 4.8 12.2° 1.4 0.0 6.2 4.5
Dermotogical 6.4 12.8 1.3 7.1 57 3.8 21 1.6 NA NA
Ophthalmological 3.9 6.7 0.1 1.4 6.5 NA NA NA NA NA

Severe patients is defined as more than 50% of the patients who are seriously ill in acute phase.
* means subgroup difference p<0.05

Fig. 5. Subgroup analysis of prevalence of long COVID in pediatric patients.

669



Y.-B. Zheng, N. Zeng, K. Yuan et al.

with MIS had a higher prevalence of long COVID affecting multiple
systems and organs. Participants with severe acute illness was also
identified associated with long COVID in multi-systems. Osmanov
et al. [73] associated severe acute COVID-19 with a six times greater
likelihood of reporting long COVID; suggesting further character-
ization of which specific organ systems are most likely to be affected
in severe cases of COVID-19 is still required. Moreover, by sum-
marizing risk factors associated with long COVID, we also noticed
that patients with more symptoms, or affected by specific diseases
(e.g., neurologic, or allergic diseases) were more likely to develop
long COVID. No statistical difference between the prevalence of long
COVID affecting each specific organ system and hospitalization rate
at baseline; however, more hospitalization duration was mentioned
to associated with long COVID in Funk et al. findings [20]. All these
findings implicated the importance of assessing the clinical condi-
tions during the initial infection, and more attention should be paid
to pediatric survivors with MIS, severe infection, or had comorbid-
ities.

Some demographic characteristics have been mentioned to be
associated with long COVID. Consistent with the findings of
Behnood et al. [74], older age was associated with higher pre-
valence of long COVID symptoms. Despite no significant difference
was explored between long COVID symptom and sex ratio in this
study, several studies [18,56] implied that female are more risk for
long COVID. In addition, patients with poor mental or physical
health status also exhibited higher risk for long COVID. Exploring
these vulnerable populations further could help policy-makers and
physicians establish population-stratified support for patients most
in need.

Several limitations should be pointed out in this study. First, the
prevalence of long COVID among the pediatric survivors may biased
due to the limited included number of studies. To the best of our
knowledge, the majority of the studies focused on long COVID
among the adults, as the symptoms may be more severe. As there
still remained a lot of unknowns about the long COVID in pediatric
COVID-19 survivors, more related researches are recommended.
Second, the heterogeneity of the study could not be avoided. Many
symptoms were not captured using standardized definitions or in-
struments, and it was difficult to compare frequency and severity.
Objective measurement as well as well-designed examinations is
suggested to in the near future. Third, the long COVID after COVID-19
infection were merely symptoms among the survivors; therefore, the
causal relationship between COVID-19 infection and long COVID
should be cautiously read. Many symptoms such as fatigue, muscle
pain, and headache are highly prevalent in the general population,
and it may be not necessarily caused by COVID-19 infection. Based
on this consideration, it is of great necessity to introduce the com-
parison group to address the issue of long COVID of COVID-19 in-
fection among the pediatric survivors. Disappointingly, few included
studies set the control groups to compare the long COVID among the
COVID-19 pediatric survivors, which limited us to furtherly clarify
the relationship between COVID-19 infection and long COVID.
Fourth, the impact of COVID-19 infection on growth and intelligence
development after long period seemed to be not clear. Memory
impairment, and cognitive difficulties have already been reported in
pediatric COVID-19 survivors [28,51], which implied the potential
side effects of COVID-19 infection on growth and intelligence de-
velopment. Thus, the long period monitoring for pediatric COVID-19
survivors is necessary. Fifth, evidence of risk factors associated with
long COVID symptoms was limited, which needs further investiga-
tion in the future. Patients with MIS, more severe symptoms at in-
itial infection generally presented with higher prevalence of long
COVID. Therefore, these vulnerable patients should be cautiously
treated with medical service not merely during acute phase, but also
be monitored after long duration.
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Conclusion

In conclusion, this meta-analysis provides a comprehensive
overview of the current state of knowledge of the long COVID among
the pediatric COVID-19 survivors and the risk factors associated with
it. Our findings suggest that pediatric COVID-19 survivors who have
recovered from COVID-19 have a high burden of long COVID after
hospital discharge, and the cases with multisystem inflammatory
syndrome, and more severe symptoms at initial infection had higher
burden. It is important to follow-up these patients and appropriately
manage any persistent or emerging long COVID in both physical and
psychological domains.
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